1. Introduction {#sec1-1}
===============

The ability to visualize dynamic processes at the cellular level is a particularly useful tool in biomedical imaging. Ideally, such a measurement should not influence the process under study. While methods based on nonlinear contrast generation mechanisms \[[@r1]\] have found widespread application, they typically require light intensities where photodamage may become an issue. For single-cell studies, linear optical techniques, which require much lower light intensity, may therefore be preferable.

Two important linear imaging modalities are optical coherence tomography (OCT) \[[@r2]\] and digital holographic microscopy (DHM) \[[@r3]--[@r5]\]. In OCT, depth sectioning is achieved through interferometric detection of scattered light emitted by a broadband low-coherence light source. In this case, the depth resolution is determined by the coherence length of the light source instead of the focusing properties of a microscope objective, and can reach the micrometer level. While OCT measures time- or spectral-domain interference at a single point in transverse image space, DHM employs spatial interference between a wide-field image beam and a reference field. DHM is intrinsically a full-field technique, and is fully compatible with the use of high-NA objectives. By using a broadband light source, the OCT coherence gating mechanism can be applied in DHM as well \[[@r6],[@r7]\]. A particularly attractive feature of DHM is that it provides quantitative phase information, enabling tracking of subtle changes in cellular volume and height with high precision \[[@r8],[@r9]\].

Here we combine the advantages of an ultrashort coherence length \[[@r6]--[@r9]\] and an off-axis geometry \[[@r10],[@r11]\] into one DHM system, to enable quantitative phase-contrast imaging with sub-cellular resolution. While such a combined system typically suffers from a limited field-of-view \[[@r11]\], we now introduce a novel holographic imaging geometry that provides good overlap of ultrashort pulses crossing at an angle. With this system, a full-field phase-contrast image can be recorded on sub-millisecond timescales, making the technique ideally suited for visualizing cell dynamics. We employ the system to record depth-resolved images of cultured hippocampal neurons and HEK293 cells.

2. Short-coherence off-axis holographic microscopy {#sec1-2}
==================================================

In holography, the use of an off-axis (Leith-Upatnieks) geometry \[[@r10]\] is highly beneficial, as it allows easy separation between the interference signal, its complex conjugate and the DC background. This allows direct amplitude and phase retrieval from a single image without twin-image or propagation issues \[[@r12]\], in contrast to an in-line (Gabor) geometry \[[@r13]\] for which more computational effort \[[@r14]\] or multiple images \[[@r15]\] are required. To reduce out-of-plane interference and provide resolution in the axial direction, we employ a light source with an ultrashort coherence length. However, the combination of off-axis holography with broadband coherence gating is hampered by the limited spatial overlap between two ultrashort light pulses crossing at an angle \[[@r11]\], preventing its practical implementation in biological imaging. We circumvent this limitation by generating a reference pulse with a tilted pulse front. In contrast to the wavefront, which is always perpendicular to the propagation direction of a wave, the pulse front can have an arbitrary tilt with respect to its propagation direction \[[@r16]\]. This allows precise overlap between two ultrashort pulses in an off-axis geometry over a large field of view (see [Fig. 1](#g001){ref-type="fig"} Fig. 1(a) Setup used for short-coherence off-axis holographic microscopy. A grating in the reference arm introduces a controlled pulse-front-tilt between reference and sample arms, causing short-coherence pulses to overlap over their entire field-of-view despite the finite off-axis angle (lower right inset), in contrast to the normal non-tilted situation (upper right inset). The zero-order reflection is blocked by slightly tilting the grating vertically and placing a beam block (BB) in the returning beam. BS: beam splitter, PCF: photonic crystal fiber, CCD: CCD camera. (b) Hologram of a test sample, measured without pulse front tilt in the reference beam. The limited overlap leads to a strongly reduced field-of-view. (c) Hologram of the same sample, measured with pulse front tilt. A good contrast image is obtained across the entire field-of-view.) \[[@r16],[@r17]\]. The tilted reference pulse is produced by imaging the first order of a diffraction grating onto the CCD camera that records the hologram.

The setup is schematically depicted in [Fig. 1(a)](#g001){ref-type="fig"}. The low-coherence light is produced by supercontinuum generation in a photonic crystal fiber with 2.3 μm core diameter (Crystal Fibre A/S), pumped by 4 nJ, 140 fs, 820 nm pulses from a mode-locked Ti:sapphire laser (Coherent Chameleon). The supercontinuum is long-pass filtered to produce a smooth, 150 nm wide spectrum centered at 900 nm, with a coherence length of 2 µm. The microscope is a home-built upright setup using a 40x, 0.8 NA water-immersion physiology objective (Zeiss). To enable holographic imaging, this microscope is placed in one arm of an interferometer. The microscope image plane is relay-imaged onto a 1392x1040 pixel 12-bit CCD camera (Lumenera 3-1M) using f = 20 cm achromatic doublet lenses. For off-axis holography, an angle of 2.4° is introduced between the reference and sample beams at the camera, leading to spatial interference with a period of 26 μm (\~4 camera pixels). The sample is imaged in a reflection geometry, where we image the reflection from the microscope slide on which the sample is placed.

The reference arm contains a delay stage for accurate timing of the overlap between reference and sample pulses. A pulse front tilt of 12° is introduced by placing a 300 lines/mm diffraction grating at normal incidence in the beam, and using the first order diffracted beam as the holography reference wave. A 5:1 magnifying telescope images the grating at the image plane of the microscope, ensuring that no spectral smearing is present in the reference beam at the camera position. The telescope magnification also reduces the grating-induced pulse front tilt by a factor 5, matching it to the 2.4° angle between the reference and sample beam. Accurate matching of the pulse front tilt and the angle between the beams is essential to provide good fringe visibility over the entire field-of-view. In our implementation, this matching is conveniently achieved by overlapping the zero-order reflection from the grating co-linearly with the sample beam, ensuring that the angle between the first-order diffracted beam and the sample beam equals the pulse front tilt induced by the grating. The zero-order reflection from the grating is then blocked during the imaging experiments.

The dramatic improvement in field-of-view (FOV) obtained by pulse-front-tilting is demonstrated in [Figs. 1(b)](#g001){ref-type="fig"} and [1(c)](#g001){ref-type="fig"}, respectively. [Figure 1(b)](#g001){ref-type="fig"} shows the holographic image of a USAF 1951 test target recorded without pulse front tilting, leading to a strong reduction in FOV in the direction of the off-axis angle. In contrast, the pulse-front-tilted reference beam leads to a high-contrast holographic image across the entire FOV, as shown in [Fig. 1(c)](#g001){ref-type="fig"}. To obtain a short axial coherence gate, dispersion matching between the reference arms is needed, which we implement by adding a controlled amount of fused silica and BK7 glass to the reference arm. By measuring the image contrast as a function of reference arm length, a coherence gate with a full-width at half maximum (FWHM) of 2.7 µm is found. The transverse resolution is determined to be 0.8 µm using a knife edge technique on the smallest features of Group 7 on the test target.

3. Hologram processing and phase retrieval {#sec1-3}
==========================================

After recording a hologram, of which a typical example is shown in [Fig. 2(a)](#g002){ref-type="fig"} Fig. 2(a) Single-shot off-axis hologram recorded on the CCD camera. Fine fringes are seen across the entire image. (b) 2D-FFT of the image in (a). The cross-correlation terms containing the electric field information are clearly visible and shifted away from DC because of the off-axis geometry, allowing direct filtering of the area shown in red. (c) Resulting quantitative phase map of a neuron after filtering, inverse 2D-FFT and 2D phase unwrapping., it is first Fourier transformed to frequency space. This leads to an image as depicted in [Fig. 2(b)](#g002){ref-type="fig"}, where the DC autocorrelation, the off-axis image and its complex conjugate are readily identified. By multiplying everything outside the red circle in [Fig. 2(b)](#g002){ref-type="fig"} with zero, only the image-containing term is retained. The resulting filtered image is inverse Fourier transformed, yielding amplitude and phase of the sample. When needed, 2D phase unwrapping is performed to remove 2π-phase discontinuities. A resulting quantitative phase map of a live, cultured hippocampal neuron is shown in [Fig. 2(c)](#g002){ref-type="fig"}.

To optimize image sharpness, numerical refocusing can be performed by multiplying the isolated interference term in the Fourier domain with an additional quadratic phase profile. This feature provides flexibility in imaging range, as any object within the coherence length can be brought into focus, independent of the depth-of-field of the microscope objective.

4. Quantitative phase microscopy of live cell dynamics {#sec1-4}
======================================================

Aside from the high-resolution label-free imaging capabilities of off-axis holographic microscopy, the ability to record two-dimensional phase images in a single camera exposure allows for sensitive detection of cellular structural dynamics. We explore this feature by studying HEK293 cells during osmotic stress. The dynamics of cell volume regulation under varying osmotic conditions is a topic of substantial interest, as improper functioning of volume-regulating proteins is involved in various diseases \[[@r18],[@r19]\] and apoptosis \[[@r20]\].

For these experiments, cultured HEK293 cells are plated on coverslips, and placed under the microscope in an extracellular solution containing (in mM): 140 NaCl, 2.4 KCl, 2.0 CaCl~2~, 4.0 MgCl~2~, 10 HEPES, 10 glucose, at a total osmolarity of 300 mOsm, and a pH adjusted to 7.3. An established approach for such measurements is based on fluorescence measurements of cells that have been loaded with green fluorescent dye \[[@r21]\]. We performed such a fluorescence measurement, of which two images are displayed in [Fig. 3(a)](#g003){ref-type="fig"} Fig. 3(a) Fluorescence image of GFP-labeled HEK293 cells under normal conditions. (b) Fluorescence image of the same cells after hypo-osmotic shock, showing cell swelling. (c) Measured surface area of two cells as a function of time during a hypo-osmotic shock, using fluorescence images. (d) Phase microscopy image of unlabeled HEK293 cells. (e) Measured surface area of two cells as a function of time during a hypo-osmotic shock, using phase microscopy. (f) Phase signal and cell surface area as a function of time. When assuming isotropic expansion, an estimate for the refractive index change can be calculated as well. (under normal osmotic conditions) and [Fig. 3(b)](#g003){ref-type="fig"} (after hypo-osmotic shock), respectively. During continuous image acquisition, the extracellular medium is rapidly diluted to 180 mOsm, causing the cells to swell rapidly due to the outward osmotic pressure. On a timescale of minutes, active volume regulation mechanisms are observed \[[@r22]\]. Finally, the osmolarity is returned to its original value at t = 35-40 minutes by switching back to the original extracellular solution, upon which the cell rapidly shrinks again. [Figure 3(c)](#g003){ref-type="fig"} shows the time evolution of the measured surface area of two fluorescent cells, displaying the rapid swelling upon osmotic shock, the volume regulation phase, and the rapid shrinking when returning to normal osmolarity.

[Figure 3(d)](#g003){ref-type="fig"} shows a typical phase image of unlabeled HEK293 cells measured using our short-coherence off-axis phase microscope. As a direct comparison, we measured the surface area of the cells in a similar way as the fluorescence approach ([Fig. 3(e)](#g003){ref-type="fig"}), yielding similar or better signal-to-noise ratio without the need for labeling. In addition, quantitative phase information is obtained which encodes the optical path length change of the cells ([Fig. 3(f)](#g003){ref-type="fig"}). Even though the cells expand, the phase signal is found to decrease. This effect is readily explained by the fact that upon cell expansion, the refractive index decrease is larger than the geometric height increase, causing the phase signal to decrease \[[@r23]\]. When assuming isotropic volume changes, the geometric changes can be deduced from the surface area measurement, allowing a first-order estimate of the refractive index changes. More advanced decoupling procedures \[[@r23]\] would allow an even better dynamic refractive index measurement.

To control the mechanism underlying active volume regulation, we inhibit the activity of the Cl^-^ ion channels in the cell membrane by adding Zn^2+^ to the extracellular medium. In many cell types, volume-sensitive outward rectifying Cl^-^ ion channels have been reported to play a major role in cell volume regulation \[[@r19]\]. Blocking these channels should therefore lead to a strong reduction in cellular volume regulation capability. A phase measurement under normal conditions is displayed in [Fig. 4(a)](#g004){ref-type="fig"} Fig. 4(a) Measured phase shift during a hypo-osmotic shock using off-axis phase holography on two HEK293 cells. After initial rapid cell swelling, active cell volume regulation is observed. (b) Measured phase shift during a similar hypo-osmotic shock as in (a), but with Zinc added to the extracellular solution. The Zn^2+^-ions inhibit Cl^-^ channels in the cell membrane, resulting in an absence of active volume regulation.. Directly after the hypo-osmotic shock, the cells undergo active volume regulation, giving rise to a phase signal that exponentially recovers towards its initial iso-osmotic value on the timescale of an hour. A similar measurement with Zn^2+^ ions added to the extracellular medium is shown in [Fig. 4(b)](#g004){ref-type="fig"}. In this case, no volume regulation is observed, only passive cell swelling and shrinking due to the osmotic stress remains. These measurements indicate that Cl^-^ ion channels are indeed involved in active volume regulation in HEK293 cells.

5. Conclusions and outlook {#sec1-5}
==========================

In conclusion, we have combined the advantages of short-coherence gating and off-axis holography into a single holographic microscope. To this end, we have developed a novel holographic imaging geometry that introduces a controlled pulse front tilt in the reference beam. Our solution is intuitive and convenient to align. It can readily be implemented on commercial, non-scanning wide-field microscopes, provided that enough room for the reference arm optics is available. The image-plane holography system demonstrated here allows fast switching between conventional bright-field and holographic microscopy, which is highly convenient for alignment purposes.

The use of low-intensity, non-resonant light allows continuous imaging over extended periods of time without loss of contrast or light-induced sample damage. In contrast to fluorescence-based techniques, continuous high-contrast imaging can be maintained over extended measurement times. In addition, the requirements for camera sensitivity and stray light rejection are significantly less stringent. As our system operates with a long-working-distance water-immersion objective, the addition of electrophysiology equipment is relatively straightforward, allowing full integration of physiology techniques with phase-contrast holographic imaging.

With this microscope, we have recorded quantitative phase holograms of unlabeled live cells in a single shot, and studied the dynamics of HEK293 cells during osmotic shocks. We foresee a bright future for this type of holographic phase microscopy for a host of biomedical applications.
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